Mechanics of Materials 194 (2024) 104987

Contents lists available at ScienceDirect

MECHANICS
IMATERIALS

Mechanics of Materials

journal homepage: www.elsevier.com/locate/mecmat

Editor invited article ' R
Fluid convection driven by surface tension during free-surface frontal Ao
polymerization

Yuan Gao "¢, Justine E. Paul >4, Manxin Chen >¢, Aarav Seth ™, Qibang Liu ¢, Liu Hong °,
Leonardo P. Chamorro ¢, Randy H. Ewoldt ™¢, Nancy R. Sottos >®*, Philippe H. Geubelle "*

a State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong University of Science and Technology, Wuhan, 430074, China
b Beckman Institute for Advanced Science and Technology, University of Illinois, Urbana, 61801, IL, United States

¢ Department of Aerospace Engineering, University of Illinois, Urbana, 61801, IL, United States

d Department of Materials Science and Engineering, University of Illinois, Urbana, 61801, IL, United States

¢ Department of Mechanical Science and Engineering, University of Illinois, Urbana, 61801, IL, United States

ARTICLE INFO ABSTRACT

Keywords:

Frontal polymerization
Surface-tension-driven flow
Reaction—diffusion-convection system
Particle image velocimetry
Thermo-chemical instability

Frontal polymerization (FP) is an efficient method to manufacture thermoset polymers and composites,
and is usually modeled as a reaction—diffusion (RD) process. In this study, we investigate numerically and
experimentally how fluid convection ahead of the propagating front can impact the reaction—diffusion balance
in the free-surface FP of dicyclopentadiene (DCPD) and 5-ethylidene-2-norbornene (ENB). Multiphysics finite
element analyses reveal how the velocity of the surface-tension-driven flow described by the dimensionless
Marangoni number can be modulated by varying the processing temperature and the viscosity of the monomer
resin. The surface-tension-driven fluid velocity exhibits two distinct regimes, which arise from the interplay and
competition between thermal and chemical advection. The dispersion of the reaction heat by the Marangoni
flow leads to a reduction in the velocity of the front. The presence of fluid convection during FP can lead to
instabilities in the front propagation and generate reaction patterns, which can be adjusted by controlling the
initial temperature and degree of cure. The numerical findings are corroborated by experiments that combine
FP and particle image velocimetry (PIV).

1. Introduction et al., 2022), the heat loss to the surrounding (Tiani et al., 2022; Gao

et al.,, 2022b), and the presence of a thermally conductive or heat-

Frontal polymerization (FP) involves a self-propagating polymer-
ization front that transforms a monomer into a polymer, sustained
by the enthalpy of the exothermic reaction (Chechilo et al., 1972;
Pojman et al., 1996; Chen et al., 2006; Nason et al., 2005; Ruiu et al.,
2014; Nuvoli et al., 2015; Washington and Steinbock, 2001; Suslick
et al., 2023; Mariani et al., 2001), and has been reported as a time-
and energy-efficient manufacturing method for thermoset polymers and
composites (Robertson et al., 2018; Li et al., 2022). In most previous
studies dedicated to modeling of FP, the initiation and propagation
of the polymerization front are modeled as a reaction—diffusion (RD)
process (Goli et al., 2018; Vyas et al., 2020; Aw et al., 2022). Several
chemical and thermal factors play a critical role in the RD process,
including the cure kinetics (Mariani et al., 2004; Ivanoff et al., 2020)
and the pre-cure state (Goli et al., 2018) of the resin, the concentration
of catalyst and inhibitor (Chen et al., 2006; Robertson et al., 2016;
Suslick et al., 2021), the process temperature (Aw et al., 2022; Chen
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absorbing phase (Vyas et al., 2019; Gao et al., 2022a; Wang, 2022).
These factors directly influence the temperature, velocity, and stability
of the polymerization front (Kumar et al., 2021; Gao et al., 2021).
Recently, a three-dimensional model for frontal polymerization of fiber-
reinforced composites has been proposed and reveals that the front
velocity depends on the triggering direction (Tarafdar et al., 2023).
When the monomer is in the liquid phase prior, the sharp thermal
and chemical gradients in the vicinity of the polymerization front may
trigger fluid convection across the front for liquid products (Belk et al.,
2003; McCaughey et al., 1998) and in the uncured monomer in the
case of solid products (Gao et al., 2023). Similar to reaction—diffusion-
convection (RDC) processes in inorganic autocatalytic systems (Tiani
et al., 2018; Mukherjee and Paul, 2022; Pojman, 2019; Bigaj et al.,
2023; Liu et al., 2017), the presence of fluid convection during FP can
affect the propagation of the front through the advection of heat and
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chemical concentrations (Davtyan et al., 2011). When the fluid convec-
tion is induced by thermal-gradient buoyancy effects, the velocity and
shape of the front become sensitive to the viscosity of the monomer
resin (Bowden et al., 1997; Matthiessen et al., 1996) and the direction
of the FP relative to gravity (Bazile et al., 2002). Convection-induced
front instabilities have been observed with a governing bifurcation
parameter, known as the frontal Rayleigh number (Garbey et al., 1996).
In addition to the buoyancy effects, the presence of surface tension
gradients at the liquid-air interface, resulting from variations in thermal
and chemical properties, has the potential to induce fluid convection,
specifically Marangoni flow, which has been identified as significant
in submillimeter RDC systems (Béba et al., 2018). When FP occurs
in an open mold, significant Marangoni flow can develop at the free
surface of the monomer resin, resulting in the formation of material
patterns and the potential emergence of heterogeneous properties in the
polymer product (Lloyd et al., 2021). Understanding and characterizing
the impact of Marangoni flow in open-mold FP is thus important to
maintain the quality of the product as well as the design of surface
patterns in the resulting polymeric parts.

In this study, we present a comprehensive investigation of Marangoni-
induced convection during the FP of dicyclopentadiene (DCPD), em-
ploying both numerical simulations and experiments. In the case of FP
in DCPD, multiphysics finite element analyses suggest that the velocity
of the Marangoni convection is two orders of magnitude higher than
the buoyancy-induced convection and has a substantial impact on the
front shape. Governed by the Marangoni number derived from the
dimensionless form of the RDC equations with free surface boundary
condition, the Marangoni flow exhibits sensitivity to both the initial
temperature and pre-cure state of the monomer resin. By varying the
Marangoni number, two distinct regimes of fluid convection are ob-
served, which can be attributed to the competition that arises between
thermal and chemical advection of the Marangoni flow. The presence
of fluid convection during FP disperses some of the heat released by the
exothermic reaction, resulting in reduced front velocities compared to
a convection-less system. Moreover, the presence of convective effects
can contribute to the emergence of reaction patterns that are not
present in the reaction—diffusion (RD) system. The numerical results are
substantiated by FP experiments on the surface and convection flows
using particle image velocimetry (PIV).

2. Computational methods

In this work, FP in a low-viscosity liquid resin such as DCPD and
the associated fluid convection were modeled by coupling the reaction—
diffusion partial differential equations (PDEs) with the incompressible
Navier-Stokes equation under the Boussinesq approximation as (Belk
et al., 2003)

pC,,(%+u~VT)=KV2T+pHr((;—l:+u-Va),

Ja _ _F o

at+u Va—Aexp( RT)(l a)t, a
V.u=0,

3—'; +u-Vu= —%Vp + V- [Wa)(Vu+ (Vu)")] — pg(T — Ty).

To make the equations complete, the variation of the kinematic vis-
cosity v(a) = p(a)/p (m?> s!) as a function of the degree of cure
was measured (see Section 3.5) and implemented by quadratic ex-
trapolation in the numerical analysis (Fig. S1 in the Supplementary
Material). u (Pa s) is the dynamic viscosity, and p (kg m~3) denotes
the density. These equations were solved over a two-dimensional (2-
D) rectangular domain of length / = 40 mm (in the x-direction) and
height » = 8 mm (in the y-direction) (Fig. 1). A length of 40 mm
is sufficient for the front to reach a quasi-steady state, allowing data
on the front motion and the associated fluid field to be collected. The
selected height of 8 mm avoids interference between the fluid field and
the bottom boundary along which a no-slip condition is applied for the
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Fig. 1. Numerical domain for the simulation of the FP of DCPD in a system with a
free surface.

fluid flow. The four variables of interest are the temperature T'(x, y,?)
(K), degree of cure a(x, y,t) (dimensionless), pressure p(x, y,t) (Pa), and
fluid velocity vector u = (u,(x,y,1),u,(x,y,1) (m/s), with (x,y) and ¢
denoting the spatial coordinates and time, respectively. The degree of
cure « varies between 0 (monomer) and 1 (polymer) and describes
the fractional conversion according to the enthalpy of the reaction.
In the first equation, x (W m™! K™, ¢, U kg’1 K™Y, p (kg m™3),
and H, (J kg™!) respectively represent the thermal conductivity, heat
capacity, density, and heat of reaction of the DCPD resin. The thermal
properties were assumed as constant during FP. The second relationship
describes the cure kinetics model, where A (s~!), E (J mol‘l), and R (=
8.314 J mol™! K™!) respectively denote the pre-exponential factor, the
activation energy, and the ideal gas constant. The molecular diffusion
was neglected in the model.

The third and fourth relations correspond to the conservation of
mass and momentum, respectively. The last term describes the fluid
flow driven by the buoyancy effect, where g (K™') and g (0, —9.81 N
kg™!) are the thermal expansion coefficient and the gravitational body
force vector acting in the negative y-direction. The thermal expansion
coefficient of slightly cured DCPD was 5x10~4 K~! (Kumar et al., 2024;
Koohbor et al., 2023). In the present study, we assumed that the f of
liquid monomer DCPD is slightly higher, 6x10~* K~!, and remains con-
stant in the simulations. As « increases from 0 to 1, the viscosity grows
by ~6 orders of magnitude according to the experimental measurement.
The polymerized resin is considered a liquid with a very high viscosity.

The governing equations (1) were solved with the following initial
and boundary conditions:

T(x,y9,0)=T), 0<x<I,0<y<h,
a(x,y,0)=ay, 0<x<I,0<y<h,
1

](;;-‘O’ »t)= Ttrig’ 0<y Slzha 0<r< ttrig’ )

—x(O, y,t) =0,0< y < Zh, > ttrigv

s ey =-L% 0<x<l,

dy vp 0x
where T, (20 °C), a; (0.01), Thyig (200 °C), and tig (5 s) are the initial
temperature and degree of cure, triggering temperature, and triggering
time, respectively. A Dirichlet thermal boundary condition was applied
along the bottom quarter of the left boundary to trigger the front and
was replaced by an adiabatic boundary after f;,. Adiabatic boundary
conditions were applied along the top, bottom, and right boundaries.
The last expression corresponds to the Marangoni condition, where u,
and y denote the x-component of the surface velocity vector and the
surface tension, respectively. Only thermal effects on surface tension
were considered given that the effect of the degree of cure a was

. . I . J 7] .
captured in the kinematic viscosity. Therefore, a—y = %‘;—T, with the
X X
thermal capillary coefficient I 52%10-* Nm~! K~ measured ex-

perimentally (Fig. S2 in the Supplementary Material). No-slip boundary
conditions were applied along the bottom, left, and right boundaries.
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Table 1
Thermal properties of resin layer and substrate materials.
K 14 c, D=x/(p-Cp) B
W m™ K™ (kg m™) kg K m? s ()
0.15 980 1 600 9.57x 1078 6x 1074
Table 2
Cure kinetic parameters of DCPD.
A E n H,
s (J mol™) J kg™
1.54 x 1012 92 800 2.3 360 000

The Multiphysics Object-Oriented Simulation Environment (MOOSE)
(Gaston et al., 2009), an open source C++ finite element solver with
robust mesh and time-step adaptivity was used to capture the sharp
gradients in temperature, degree of cure, and fluid velocity in the
vicinity of the advancing polymerization front while handling the
significant variation in the viscous property. The initial mesh size was
0.1 mm, and an h-level of 4 was adopted for the mesh adaptivity. The
initial timestep was set as 10~* s with time step adaptivity reducing
this initial value by a factor 4. The material properties and cure kinetics
parameters used in the numerical study are given in Tables 1 and 2. All
parameters were adopted from a previous study (Gao et al., 2023).

The non-dimensional form of the governing equations (1) is

.
or +u*-V*T*:V*2T*+<§—a+u v*)< ! >

ot* 1 —a
da [5<T 1)] 0 ar.

o +u* - V*a = Zexp

V*.u* =0,

U W VruF = —VFpt 4 VF - [PR(VFu* + (Viu*)T)] — PrRaT*3,

ot

—+

3)

where all superscripts ‘+’ indicate variables or operators normalized
by the characteristic time ¢, = D/uv2, length /|, = D/uv,, pressure

p. = v*p, and velocity v, = [%e p(—R—)]05 The nondimen-
sional temperature T* = (T — TO)/(Tf - Ty), where T; = Ty + H(1 -
®y)/C, is the adiabatic front temperature. The unit vector g = (0, -
1) denotes the orientation of the gravity and D = (x/pC,) is the
thermal diffusivity. The characteristic velocity v, is proportional to
the steady-state front velocity vy (Kumar et al., 2021). In the second
relationship, Z = H.(1 — ay)E/ (CpRsz) is the Zeldovich number, while
the dimensionless parameters § = E/(RT;) and ¢ = T,,/(T; — T,) capture
the contributions of the activation energy and the processing condition.
Although A appears in the dimensional equations, it disappears in the
dimensionless equations and does not even appear in the parameter Z,
as it cancels out due to the definition of the normalizing velocity, which
is proportional to A. In the fourth equation, Pr = v/D is the Prandtl
number, and Ra = §|g|(T; — T;)D?/(vv?) is the frontal Rayleigh number
that compares the buoyancy and front propagation. The derivation of
the non-dimensional governing equations can be found in the Appendix
S1 of the Supplementary Material.
The Marangoni boundary condition can be normalized as

ou’ *
* _Ma?l )
ay* ax*
where the Marangoni number
T: — T,
Ma = - 1= T0) 97 (5)
v 0T

is the key parameter that governs the convection driven by the surface
tension effect. Ma is a function of the initial degree of cure (ay) and
temperature (7;,) of the monomer resin, as highlighted in Fig. 2. A
higher «, results in an elevated viscosity and lower T;, which limits
the fluid convection and corresponds to a lower Ma. An increased T,
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Fig. 2. Marangoni number Ma as functions of the initial temperature T;, and degree
of cure «;.

promotes an increase in the characteristic velocity v,, which also leads
to a lower Ma.

To highlight the effect of fluid convection on the front propagation,
the FP process was also modeled hereafter in the absence of fluid
convection using the traditional thermo-chemical model as

oC, T over 4 o, 2%,

da P ot E ot 6)

= Aexp(——)(1 — )"
ar Xp( )( a)",
combined with the first four boundary and initial conditions in (2) and
adiabatic boundary conditions along the other boundaries.

3. Materials and experimental methods
3.1. Materials

The materials involved in the experiments were dicyclopentadi-
ene, 5-ethylidene-2-norbornene (ENB), and Grubbs’ second-generation
catalyst (GC2) purchased from Sigma-Aldrich, and tributyl phosphite
inhibitor (TBP) purchased from TCI Chemicals. All chemicals were
used as received without further purification. The rectilinear mold was
fabricated with 1 mm thick glass slides (3” x 1”) and 1” flash tape
purchased from Fiber Glast. The resistive heating wire used to trigger
frontal polymerization in the free-surface geometry was a 26-gauge
Kanthal wire (diameter 0.40 mm; resistivity 1.4 x 10~* Q cm).

3.2. Resin preparation

To prepare the monomer resin for FP, a stock solution of 70 wt%
DCPD, which is a solid at room temperature, and 30 wt% ENB were
mixed in a 500 mL clear glass storage bottle. The addition of ENB
allows for the monomer resin to stay a liquid at room temperature. The
monomer solution was then degassed for about 2 h at room temperature
under vacuum at —25 mmHg while being stirred. The monomer resin
formulation for experiments was composed of 15 mL of the 70:30
DCPD:ENB solution. This solution was added to a 20 mL scintillation
vial, and 3.07 pL (1 molar equivalent with respect to GC2) of tributyl
phosphite (P(OBu);) inhibitor was added using a microliter syringe.
9.63 mg of GC2 (100 ppm) and 0.2 mg of 10-pm-diameter hollow
silver spheres were then added to the monomer resin and sonicated
for 5 min to achieve complete dissolution of the catalyst. Next, the
monomer resin was either immediately transferred into the rectilinear
open molds or placed in an environmental chamber at 25 °C for a set
amount of time to achieve a higher degree of cure prior to conducting
the FP experiments.
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Fig. 3. Numerical snapshots of (a), (b) the temperature 7 and (c), (d) the magnitude of fluid velocity vector |u| on the two stages of FP.

3.3. Frontal polymerization and flow field measurements

The FP experiments were carried out in a rectilinear (7.5 cm X
2.5 cm) free-surface geometry. The volume of resin in each sample was
fixed at 15 mL so that the height of the free surface is ~8 mm, consistent
with simulations. The polymerization is triggered using a 26-gauge
resistive wire and an Agilent (U8031 A) triple output programmable DC
power supply (3.5 V, 3.0 A, 5 s). The initial resin temperature and the
ambient temperature were maintained in a custom-built environmental
chamber equipped with an AC-162 Peltier module, TC-720 temperature
controller, and PS-2425 power supply from TE Technology, Inc. The
target initial temperature 7;) was achieved by setting the environmental
chamber to the desired temperature and monitoring with a thermocou-
ple. Flow field measurements were acquired within a specified region
using particle image velocimetry with a DSLR Canon EOS R5 camera.
It was positioned on the side of the closed mold system and directed
towards the region of interest, observable through a polycarbonate win-
dow integrated into the environmental chamber. The medium under
investigation was illuminated in a vertical plane along the x-direction
using a 532 nm laser. Representative optical snapshots of the frontal
polymerization are presented in Fig. S3 in the Supplementary Material.

3.4. Heat of reaction of the monomer resin

The cure kinetic of the liquid resin was extracted from differential
scanning calorimetry (DSC) measurements performed with a TA Instru-
ments Q250 differential scanning calorimeter. In these tests, samples
were transferred into aluminum hermetic DSC pans at room tempera-
ture and sealed. The sample mass was determined using an analytical
balance (XPE205, Mettler-Toledo) and was carefully maintained be-
tween 1 and 3 mg to achieve a maximum heat flow between 6 and
10 mW. Samples were subjected to thermal scans from —20 to 250 °C
at a constant ramp rate of 7 °C min™' to determine the cure kinetics of
the monomer resin used in experiments. The heat released during the
polymerization was then calculated by integrating the exotherm peak.
Two typical DSC curves of DCPD resin with different pre-gelling states
are given in Fig. S4 in the Supplementary Material.

3.5. Viscosity measurements of the monomer resin

The viscosity of the monomer resin at various times of incubation at
25 °C were measured in the TA Instruments DHR-3 rheometer equipped
with a 25-mm-diameter flat plate, Peltier plate, and a solvent trap
cover. Approximately 0.5 mL of resin was placed between the 25-mm-
diameter flat plate and Peltier plate. A loading gap of ca. 950 pm was
used for each test. The rheometer was set to 25 °C and a flow peak
hold test with a constant shear rate of 10 s~' over time (180 s) was

performed to calculate the viscosity of the resin prior to conducting
experiments. The viscosity was averaged between 30 and 180 s, with a
sampling interval of 30 s/pt.

3.6. Methods for controlling initial degree of cure

The degree of cure, a), was set by letting the monomer resin sit at
25 °C in an environmental test chamber (MicroClimate, Cincinnati Sub-
Zero Products) for a specific amount of time to allow the resin mixture
to increase in viscosity. DSC was then used to measure the enthalpy of
reaction at various time points of the resin incubation, H,.(f) and the
degree of cure was determined by

Hres (t)
“H,

where H, was measured at + = 0 min resin, i.e.,, immediately after
preparing the resin.

)

ay=1-

4. Results and discussion
4.1. Typical numerical solution

A typical solution to Egs. (1) and (2) with T, = 20 °C and «, = 0.01 is
presented in Fig. 3. As mentioned earlier, the front is triggered from the
bottom left of the system using the bottom quarter of the left boundary,
as described by (2); 4. The front propagation is characterized by two
stages based on the two different types of fluid convection (Rayleigh
and Marangoni). Before the front reaches the top free surface, the
fluid convection is induced solely by the buoyancy effect (Stage I).
Representative distributions of the temperature 7" and fluid velocity
magnitude |u| are shown in Fig. 3a, b, where the arrows indicate a
fluid vortex in the clockwise direction ahead of the propagating front.
The dashed lines correspond to the instantaneous position of the front
identified hereafter by a« = 0.5. The largest magnitude of the fluid
velocity is located just ahead of the front, where the temperature
variation T — T, is maximized by the enthalpy of the reaction H,. As
a result of the substantial viscosity increase in the polymerized region,
the velocity field rapidly vanishes.

Once the front approaches the free surface, the thermal gradient of
the front drives the surface tension gradient, leading to a Marangoni
flow whose magnitude exceeds that of the buoyancy-driven convection
by more than two orders of magnitude (Stage II, Fig. 3c, d). This
observation suggests that the fluid convection is primarily governed
by the surface tension effect throughout the remainder of the FP
process. The substantial fluid momentum, coupled with thermal and
chemical advection, gives rise to instabilities that are evident through
localized thermal spikes and irregularities (‘kinks”) in the front shape.
These phenomena are further discussed later. For a visual representa-
tion, Video S1 in the Supplementary Material showcases an animation
depicting a typical numerical solution.
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Fig. 4. Buoyancy-induced convection in Stage I. (a)-(c) Temporal variation of the maximum fluid velocity vector magnitude |u],, distributed on the y-axis obtained for initial
degree of cure «, = 0.005, 0.01, and 0.04. (d) |u|,, as functions of the initial temperature T;, and degree of cure «,. (¢) Normalized fluid velocity magnitude |u|,,/v. as a function

of the frontal Rayleigh number Ra.

4.2. Buoyancy-induced convection ahead of polymerization front

Stage I of the FP process typically spans the initial 8 s until the
front reaches the free surface. The temporal variation of the maximum
fluid velocity magnitude |u|,,, distributed on the y-axis (vertical) is
shown in Fig. 4a-c. The fluid velocity remains zero at y = 0 as enforced
by the non-slip boundary condition. The fluid field expands in the y-
direction as the front propagates to the top right of the domain. The
convection triggers spin-mode instabilities indicated by the oscillations
in |u| ¢ and the heterogeneous distribution of maximum reaction rates
(Fig. S5 in the Supplementary Material). As the initial degree of cure
a, increases, the oscillation period is extended due to a slower front
velocity.

Fig. 4d indicates that |ul,, is suppressed by larger values of «,
(squares) and 7, (circles). The values of |u|,,, are determined by
taking the time average of the maximum value over the 4-8 s time
interval. The reduction of the fluid velocity with ¢ is associated with
the substantial increase in the viscosity of the resin. As T, increases, the
front velocity vy increases and the curing process occurs more rapidly,
leading to a more rapid increase in the resin viscosity, which in turn
limits the fluid convection. As shown in Fig. 4e, the effects of T}, and «
on the fluid velocity normalized by the characteristic velocity |u|.x/v¢
can be combined in the form of a linear scaling law expressed as a
function of the frontal Rayleigh number Ra introduced in Eq. (3).

4.3. Marangoni convection in FP

When the polymerization front reaches the free surface (top bound-
ary), the thermal gradient induces a surface-tension gradient, initiating
Marangoni convection (Stage II). Numerical snapshots of T* and |u| are
presented in Fig. 5. At t = 10 s, a thermal spike emerges as the front
reaches the free surface (Fig. 5a) due to the adiabatic condition applied
along the top boundary of the domain. The associated temperature
(normalized by the steady-state front temperature) reaches T* ~ 1.3.
The inset displays the distribution of the degree of cure a near the
propagating front. According to the Marangoni boundary condition in

Eq. (4), the pronounced thermal gradient caused by the thermal spike
leads to a substantial increase in fluid velocity orders of magnitude
larger than the propagation front, as illustrated in Fig. 5b.

At t = 20 s, the front location at the top boundary catches up with
that at the bottom boundary and the front becomes nearly vertical. In
the temperature distribution (Fig. 5¢), a warmer region emerges ahead
of the front near the free surface as the fluid convection disperses part
of the reaction heat ahead of the polymerization front. Fig. 5d presents
a snapshot of the quasi-steady-state fluid solution. As indicated in Fig.
S6 in the Supplementary Material, the fluid velocity oscillates around
a stable value in the quasi-steady-state regime. It is important to note
that the maximum fluid velocity in the immediate vicinity of the free
surface is an order of magnitude higher than the front velocity, and
the resulting strong momentum generates a circulation pattern that
expands throughout the numerical domain.

The clockwise fluid convection transfers reaction heat from the
bottom to the top of the system. As the front speed increases with
the temperature of the resin, the front velocity at the free surface
is higher than along the bottom boundary, gradually leading to the
front profile at + = 35 s (Fig. 5e). As the front propagates closer to
the right boundary of the computational domain, the fluid velocity is
increasingly suppressed. This observation is further supported by the
temporal variation of the maximum fluid velocity displayed in Fig. S6.

Next, a parametric study is carried out to investigate the effects on
the Marangoni convective flow of the FP process conditions, i.e., the
initial degree of cure «, and the initial temperature T,. Fig. 6a-c
presents the spatial distribution of the fluid velocity magnitude |u| at
t = 20 s for three «, values: 0.005, 0.008, and 0.015. Interestingly,
lu| is enhanced as «, grows from 0.005 to 0.008 but then decreases
for ay = 0.015, indicating a non-monotonic trend. Furthermore, for the
larger value of «p, the spatial extent of the convective vortex ahead
of the front reduces as the fluid velocity decreases due to the higher
initial viscosity of the resin. As shown in Fig. 6d-f, which present the
fluid solution at t+ = 20 s for three T}, values: 30, 40, and 45 °C, the
strength of the convective vortex decreases as 7, increases due to the
faster curing process taking place at higher temperature.
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Fig. 5. Marangoni convection during free-surface FP. (a),(c),(e) Snapshots of the
normalized temperature 7* during the FP on Stage II when the time ¢ = 10, 20, and
30 s. Inset: corresponding distributions of the degree of cure a. (b),(d),(f) Snapshots
of the fluid velocity magnitude |u| at r = 10, 20, and 30 s. The arrows indicate the
orientation of local velocity vectors and the dashed lines correspond to the position of
the front for which a = 0.5.

4.4. Two regimes of the marangoni convection

The results of the parametric study of the Marangoni effect on the
FP-driven convection are summarized in Fig. 7a, which presents the
relationship between the maximum fluid velocity |u|,,, computed at
the free surface (y = 8 mm) normalized by the characteristic velocity
v. and the Marangoni number Ma. As indicated by the definition
introduced after (4), the Marangoni number depends on both T;, and
ay. The results shown in Fig. 7a point to two distinct regimes: first,
|u|max/ V. increases with Ma until Ma reaches around 680 beyond which
the trend reverses. This two-regime relationship also holds true for
|u|max @t ¥y =4 mm (middle line of the system) as shown in Fig. 7b. This
regime transition was captured in the dependence of |u| on « alluded
to in Fig. 6.

The linear increase of |u|;,, with Ma can be understood from
a quasi-steady force balance between viscous and surface tension
forces. More specifically, the force balance gives (u|ulpay/l,)As ~

g—;(Tf—TO) w, where [, is the velocity gradient lengthscale, w is

e depth into the page, and A; ~ I;w is the area on which the
stress acts. Here, /- is the temperature gradient lengthscale over which
(T; — T,) occurs. Re-arranging the expression for fluid velocity predicts
[ulmax = ﬁg—;(T t = TO)(I%), and normalizing each side by v, leads to
[t max/Ve & (l[—”)Ma according to the definition in Eq. (5). Not only
does this expression predict the linear relationship observed for Ma
< 680 in Fig. 7a, it also helps interpret the observed numerical front
factor (I,/ly ~ 60 from Fig. 7) as the ratio of the velocity gradient
lengthscale (by observation on the order of a few millimeters), to the
temperature gradient lengthscale (by observation much smaller than
a few millimeters); Fig. 5 is a good example comparing the gradients
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of velocity and temperature. At higher Ma, this simple scaling is
insufficient and the maximum velocity decreases due to more complex
effects.

The emergence of the two regimes in the |u|,../v. vs. Ma rela-
tionship is correlated to the competition between chemical (a) and
temperature (7*) convection. The competition is further highlighted
in Fig. 8a, which presents typical 1-D profiles of «, T* (left axis),
and |u| (right axis) with T;, = 20 °C and «, = 0.01. The 1-D profiles
were obtained on the free surface when + = 20 s. The profile of «
(dashed pink curve) shows a sharp gradient associated with the cure
kinetics of DCPD. Since the polymerization is thermally induced, the
thermal profile (solid navy curve) precedes the chemical front. The
profile of fluid velocity |u| (solid light blue curve) also precedes the
front as it is driven by the thermal gradients (eq (4)). As expected, it
rapidly vanishes behind the chemical front (« = 0.5) due to the very
sharp increase in the viscosity with the degree of cure. As highlighted
in the inset of Fig. 8a, the non-zero fluid velocity |u| overlaps with
the non-zero gradients of T* and a, driving the advection of the
chemical concentration (pink arrow) and temperature (navy arrow) in
the positive x-direction, respectively.

Fig. 8b presents the 1-D profile of « and the Prandtl number Pr =
v/D. The horizontal axis corresponds to the coordinate relative to the
front location x; normalized by the characteristic length /.. A higher
Ma promotes the advection of the degree of cure and hence leads to a
higher value of Pr (viscosity), which in turn limits the fluid convection
(Fig. 8c) and contributes to the second regime of |u|,,/v. described
by Fig. 7. The x-location of the maximum velocity denoted by x} _ on
the normalized x-axis (x/I.) in Fig. 8c progressively moves away from
the front due to the increase in viscosity ahead of the front. A linear
relationship between x} ~ and Ma is observed in Fig. 8d.

4.5. Effect of Marangoni convection on front propagation

To further shed insight on the effect of the surface tension driven
convection on the propagation of the front, the evolution of the front
location x; (curves) and velocity v¢ (symbols) with «; = 0.005 and
T, = 20 °C are shown in Fig. 9a. The velocity values were obtained
by fitting the x;-+ data with a window of 0.2 s. The maximum value
of vy computed along the top surface (squares) is observed at r = 11
s, which corresponds to the time at which the front reaches the free
surface (Fig. 5a). As the heat of the thermal spike is progressively dissi-
pated and the system enters the quasi-steady-state regime, vy gradually
reaches a stable value. In contrast to the upper boundary, v; at the
bottom boundary (circles) remains relatively constant at + = 11 s as
it is not influenced by the thermal spike. Due to the convective motion
of the fluid at the free surface, the v; at the top boundary consistently
exceeds that at the bottom boundary. As a result, the shape of the front
undergoes continuous transformations, which aligns with the findings
in Fig. 5. Similar conclusions can be drawn for monomer resins with
an ay = 0.01 and T;, = 20 °C (Fig. S7q in the Supplementary Material).

During the stable period (e.g., from 25 to 35 s in Fig. 9a), it is
feasible to calculate an average velocity vy, which can be considered
a characteristic of FP influenced by Marangoni convection. By varying
the degree of cure (a,) and keeping the initial temperature (7;) constant
at 20 °C, the average velocity (vf) at the top and bottom can be
compared (Fig. 9b). For all cases, the front velocity is always higher
at the top boundary than the bottom boundary. Furthermore, it is
worth noting that vy is substantially reduced as compared to the RD
systems that lacks fluid convection (curve and triangles). The analytical
expression of v for the RD system is

| 0.5
-E

, 8
P <Rf(e)> I [n, a, e]]

(1—ag-e)Hy
C,

»
and M[n, ay, €] = /o 1-e-ag (y%)n dy is a coefficient related to the cure

Ax RT(e)?
pH, E

v_f:max[
€

where T'(e) = T, + , € is a small value between 0 and 1-«,
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Fig. 6. Effect of process conditions (7;, and «,) on the fluid velocity magnitude field |u| obtained for ¢ = 20 s. (a)-(c) T, =20 °C and «, = 0.005, 0.008, and 0.015. (d)-(f) «, = 0.01
and T, = 30, 40, and 45 °C. The arrows indicate the local velocity vectors and the dashed lines correspond to the position of the front.
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Fig. 7. Two regimes of the Marangoni convection during FP: Normalized maximum fluid velocity |u|,,/v. as a function of the Marangoni number Ma (a) at y = 8 mm (at the
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Fig. 8. Spatial variation of the solution near the polymerization front. (a) 1-D profiles of the degree of cure a, normalized temperature 7™, and fluid velocity magnitude |u| with
the initial temperature T;, = 20 °C and degree of cure «, = 0.01. (b) Variation of « and the Prandtl number Pr ahead of the front, where x, x;, and /. denote the x-coordinate, front
position, and characteristic length. (c) Variation of the normalized x-component of the fluid velocity factor u, /v, close to the front, where v, is the characteristic velocity. The

distance between the front and the location with maximum value of u, is denoted by x!

kinetics parameter and the initial degree of cure (Kumar et al., 2021).
The reduction of v; for RDC systems is attributed to the dissipation
of the heat from the reaction by the Marangoni convection. However,
when the «, rises, leading to an increase in the monomer resin’s

viscosity, Marangoni convection becomes restricted, causing the front

on the normalized x-axis (x/I.). (d) x*

umax

as a function of the Marangoni number Ma.

velocity vy to converge to that of the corresponding RD systems. The
correlation between v; and T, (circles and squares) is presented in
Fig. 9c and compared with the RD theory and simulations (curve and
triangles). Similarly, a higher T, reduces the fluid velocity, and vf
values demonstrate a trend of approaching the RD theory.
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Fig. 9. Front propagation with Marangoni convection. (a) Front location x; (curves) and velocity v; (symbols) as a function of time ¢ with «, = 0.005 and T;, = 20 °C. Averaged
velocity v; (squares and circles) during FP as a function of (b) the initial degree of cure «,, and (c) initial temperature (7;). Numerical (triangles) and analytical (curve) front
velocity values in the reaction—diffusion systems with the same «, and T, are displayed for comparison. (d) Normalized front velocity v¢/uvgpp as a function of the Marangoni

number Ma.

These findings can be summarized by a generalized relationship
between v¢ normalized by the front velocity in RD systems vggp and the
Marangoni number, which characterizes the fluid convection (Fig. 9d).
The significant reduction in vg/vgpp from 1 (dashed line) to approxi-
mately 0.6 when Ma is less than 10° can be attributed to the dissipation
of the heat by the fluid convection. At Ma ~ 680, v; values are found to
oscillate around 0.7, which corresponds to the transition between the
two regimes.

4.6. Instability and reaction patterns in FP induced by Marangoni convec-
tion

As mentioned in the previous section, an increase in the Marangoni
convection (Ma > 680) can induce unstable front propagation. These
unstable fronts can be visualized by extracting the evolution of the
front location x; (Fig. 10a). Two cases with ¢, = 0.01 are illustrated:
a stable FP with a linear x-t relationship at Tj 40 °C, and an
unstable FP with an undulating x;-r curve obtained for T, = 10 °C. The
undulations reflect the periodic variation in v; (slope of the x;-¢ curve)
driven by fluctuations in the reaction rates. The inset displays typical
snapshots of the thermal solutions in the vicinity of the polymerization
front for the two cases, clearly illustrating the presence of thermal
heads in the unstable FP case. These thermal heads, referred to as ‘spin
modes’ in previous studies (Masere et al., 1999), spin to the positive
and negative y-direction, merge or sometimes separate (Video S1). The
time evolution of the maximum reaction rate (da/01),., in the stable
and unstable FP cased is presented in Fig. 10b, showing much more
pronounced fluctuations in the unstable case due to more significant
convection effects.

The reaction patterns in stable and unstable FP with the 2-D dis-
tributions of (da/0f)p.x at 10 < x < 20 mm and 0 < y < 8 mm,
where the front propagation is in the quasi-steady-state regime, are
visualized in Fig. 10c. In stable FP, the pattern is almost homogeneous
(left panel), while a web-like pattern can be observed in the unstable FP
case (right panel). The high-intensity regions in the pattern correspond
to the positions of the thermal heads, while the lines that connect
the high-intensity spots are the propagation paths of these thermal

heads. As shown in the inset, the web-like pattern is missing in the RD
system (i.e., in the absence of convection) with the same FP processing
conditions (7, = 10 °C and «, = 0.01), clearly pointing to the critical
role of convection on the FP-driven instabilities and reaction patterns.

The thermal patterns in stable and unstable FP are shown in
Fig. 10d, which presents the distribution of the normalized maximum
temperature T = (Tiyax — Ty)/ (Tt — Ty). For stable FP, T is higher
along the free surface since the fluid convection transfers heat from
the bottom to the top boundary. The T}; . solution is uniform in the
x direction, with no discernible patterns, as opposed to the unstable
FP case, for which high-intensity ‘thermal spots’ are observed, which
coincide with the reaction pattern.

The features of the reaction patterns can be adjusted by modifying
the processing conditions (7, and «;), as illustrated in Fig. 11a,b. With
a fixed a; = 0.01, the wavelength of the pattern A, defined as the
average distance between high-intensity spots at the free surface, is de-
creases as T, increases. The reaction patterns also become less visible at
higher values of T;, suggesting a lower degree of instability. This result
is similar to thermo-chemical instabilities capture by the reaction—
diffusion model (i.e., in the absence of fluid convection) and can be
attributed changes in the balance between reaction and diffusion (Goli
et al., 2020; Lloyd et al., 2021). Similarly, the patterns are also less
pronounced as «;, increases at a fixed value of the initiation temperature
(T, = 20 °C) as shown in Fig. 11b.

To characterize the degree of instability, a reaction-rate ratio 7, is
defined as the maximum reaction rate of the instability peaks normal-
ized by the average value over the entire domain. The relationships
between 7, and the processing conditions (7T;, and «,) demonstrate non-
monotonic trends as observed in Fig. 11c. In both correlations, the
turning point corresponds to Ma ~ 680, which is associated with the
maximum normalized fluid velocity |u|,.¢/v. and the regime transition
(Fig. 7). This finding can be confirmed by the relationship between
n, and Ma shown in the inset. Moreover, these observations suggest
that the fluid convection disturbs the reaction-diffusion balance and
triggers the instability, with the extent of instability amplified by
the magnitude of the fluid velocity. The effect of T, and «, on the
wavelength 4 is presented in Fig. 11d. Unlike for #,, no generalized
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relationship between 4 and Ma can be established, which indicates the
fluid convection is not the only factor that influences 4.

4.7. FP experiments in an open mold with particle image velocimetry

Free-surface frontal polymerization experiments on the 70/30
DCPD/ENB system coupled with PIV have been conducted to support
and validate the numerical results presented above. The addition of
ENB is necessary to ensure experiments are within the quasi-static front
propagation regime at various processing parameters (7}, and «,) for ~
20 s. A schematic of the experimental setup is presented in Fig. 12a.

A representative optical image captured during the polymerization
process is shown in Fig. 12b where the approximate location of the
propagating front is marked by the yellow dashed curve. The corre-
sponding distribution of the flow field |u| obtained by post-processing
adjacent frames is presented in Fig. 12c. The black arrows indicate the
orientation of the local fluid velocity vectors and point to a convective
vortex in the clockwise direction. An optical video of the FP experiment
= 0.01 and T, = 30 °C is provided in the Supplementary
Material (Video S2). An additional optical video without the laser sheet
reveals the fluid-induced instability (Video S3).

with a
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Fig. 12. PIV FP experiments in an open mold. (a) Experimental setup. (b) Typical optical image captured by the DSLR camera in the gray scale. (c) Distribution of fluid velocity
magnitude |u| corresponding to (b). Scale bars indicate 2 mm. (d) |ul|,, Vs. y: comparison between numerical results (curve) and experimental measurements (symbols) for a
Marangoni number Ma ~ 1200. (e) Normalized maximum fluid velocity magnitude |u|,,/v. as a function of Ma obtained numerically (circles) and experimentally (squares).

The Marangoni number can be estimated for the experiments by
measuring the heat of reaction (H,), viscosity (u), and degree of
cure () of the monomer resin along with programming the ambient
temperature (7)) using an environmental chamber. The heat of reaction
H, for the monomer resin system with 100 ppm of catalyst and 1
equivalent of inhibitor to catalyst is 402.5 J/g and the degree of
cure (ay) measured immediately after mixing all the resin components
together is roughly 0.005. These experimental values can be tuned
by incubating the monomer at a constant temperature for a specified
period of time (Robertson et al., 2018; Aw et al., 2022; Garg et al.,
2021). Post-processing the simulation and experimental results corre-
sponding to Ma ~ 1200 allows for a direct comparison of the maximum
magnitude of the fluid velocity (Ju|,.) at various locations along the y-
axis. The results presented in Fig. 12d show a good agreement between
simulations and experiments, and confirms that the maximum fluid
velocity is at the free surface (y = 8 mm) right ahead of the front. The
laser was unable to fully illuminate the sample due to light reflection
and refraction at material interfaces, and the region of y < 4 mm is
typically darker, which contributes to the more significant uncertainty
compared to other regions (Fig. 12b).

By varying the experimental processing conditions, a range of
Marangoni numbers can be achieved. A comparison between numer-
ical predictions and experimental measurements of the dependence
of the normalized maximum fluid velocity magnitude |u|.,/v. on
the Marangoni number is presented in Fig. 12e, showing again an
excellent agreement in capturing the two regimes alluded to in Fig. 7.
The agreement is non-trivial considering the complex thermo-chemical
advection with finite fluid inertia, e.g., an estimate of Reynolds number
for the experiments in Fig. 12c gives Re 40 (using characteristic
speed 20 mm/s, lengthscale 2 mm, and the uncured viscosity to get
an upper-bound estimate), indicating the need for inertial terms on
the left side of Eq. (1),. These results further validate the competition
between thermal advection and chemical concentration at Marangoni
numbers above 680. The value and uncertainties in numerical and
experimental results have been obtained by averaging 400 simulation
frames and 40 optical images within the quasi-steady-state regime of
front propagation, respectively.

~
~

10

5. Conclusions

We have investigated numerically and experimentally the fluid
convection that arises during the frontal polymerization of dicyclopen-
tadiene in a free-surface (open mold) geometry. Prior to the interaction
of the polymerization front with the free surface, the dimensionless
frontal Rayleigh number dictates the fluid convection induced by buoy-
ancy effects. After the front reaches the free surface of the liquid
resin, the amplitude of the fluid convection driven by the surface
tension gradient, referred to as the Marangoni convection, is found
to be two orders of magnitude higher than that of the buoyancy-
induced convection. A detailed parametric study has shown that the
magnitude of the fluid velocity in the Marangoni convection regime
depends on the processing conditions, including the initial temperature
and the degree of cure. The effects of the processing conditions can
be summarized by the non-monotonic trend between the maximum
amplitude of the fluid velocity and the dimensionless Marangoni num-
ber, Ma. This non-monotonic dependence on Ma can be attributed to
the competition between the thermal advection associated with the
fluid motion and the rapid increase of viscosity due to the curing
process. At Marangoni numbers in excess of about 680, the strong
fluid momentum can induce unstable front propagation and lead to
the generation of reaction patterns, the wavelength and magnitude of
which can be adjusted by the initial temperature and degree of cure.
These numerical findings are validated by FP experiments performed on
an open-mold DCPD resin, with details on the convective flow captured
using particle image velocimetry. Experimental and numerical results
show a very good agreement. This work demonstrates a quantitative
understanding of the Marangoni flow and the processing conditions of
frontal polymerization, providing theoretical guidance for harnessing
the fluid flow in FP-based manufacturing process with a free surface.
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